INTRODUCTION
Hawaii is threatened by tsunamis from circum-Pacific earthquakes and has been hit by major tsunamis from great earthquakes in the prior century in Kamchatka (1952) , the Aleutians (1946 and 1957) , Chile (1960), and Alaska (1964) . Of these, tsunamis generated from great earthquakes along the AlaskaAleutian Island arc are of particular concern due to their short (4.5-hour) propagation time to Hawaii, which presents the most limited time for coastal evacuation. Historically, the Aleutian earthquakes of 1946 and 1957 produced the largest tele-tsunamis observed in Hawaii (Lander and Lockridge 1989) . The 1946 event (Mw 8.6) killed 159 people with waves reaching up to 16 m height on Molokai. Even though the 1957 event (Mw 8.6) caused no deaths in Hawaii, a maximum runup of 16 m was observed on Kauai. Although these two great earthquakes in the Aleutians had substantial tsunami impacts in Hawaii, they are not among the largest seismic events to have occurred globally in the last century. To evaluate the extent of the tsunami threat to Hawaii from the Aleutian Islands, we need to consider the potential for even larger earthquakes in light of the analysis of more than a century of data measuring the Aleutian seismic zone.
The motivation for this review is the great Tohoku earthquake of 2011, which occurred in the active seismic region off the coast of East Honshu, Japan, and caused a deadly tsunami in Japan that was felt on shorelines across the Pacific. This magnitude Mw 9.0 event surprised the seismological community with respect to its unexpectedly large magnitude and the size of the generated tsunami (e.g., Normile 2011; Monastersky 2011; Showstack 2011) . Since the great Sanriku earthquake of 1896 there have been nine damaging earthquakes (magnitude M 7.3 to about 8.6) in the area of the Tohoku earthquake rupture zone, including tsunamigenic events in 1896, 1897, 1915, 1933, 1936, 1938, and 1978 (U.S. Geological Survey and Japan Headquarters for Earthquake Research Promotion). Although the Tohoku tsunami caused comparatively minor coastal and harbor damage in Hawaii, both the unexpected size of the earthquake and its occurrence in a region of prior large seismicity warrant the need to reevaluate the largest tsunamigenic earthquakes that are possible in the Aleutian Islands, which may impact Hawaii.
Tsunami energy is directed primarily perpendicular to the strike of the earthquake fault (e.g., Ward 1982) . For the Aleutian-Alaskan tsunamigenic earthquakes of the last century, tsunami energy is projected radially to the arc and trench axis (Figure 1 ). The tsunamis generated in the central part of the arc are directed at Hawaii. The average of the tsunami maximum run-ups observed at about 40 locations on the northern coasts of the Hawaiian Islands were 8.2 m and 5.3 m for the 1946 and 1957 earthquakes, respectively (Walker 1994 . Therefore, tsunamis from the regions near and between these events are a special concern to Hawaii. Tsunamigenesis from earthquakes in the westernmost Aleutians and eastward from the Alaska Peninsula has had a lesser impact on Hawaii. Although the great Alaska 1964 earthquake (Mw 9.2) was a much larger earthquake than the 1946 and 1957 events, a smaller tsunami was recorded owing to the more favorable orientation of the earthquake fault with respect to Hawaii, where the average of the tsunami maximum run-ups observed was 2.3 m (Walker 1994) . The large 1965 earthquake (Mw 8.7) that ruptured westward from the 1957 event had tsunami average maximum run-ups of 0.4 m in the Hawaiian Islands. The 1938 earthquake generated a smaller, 0.2 m average tsunami run-up in the Islands. Both the earthquake size and its location along the arc are key factors for tsunami inundation in Hawaii. For the 1965 earthquake, the obliquity of convergence between the Pacific and the North American tectonic plates also produces a significant strike-slip component in the megathrust fault slip that does not substantially contribute to tsunamigenesis.
In reexamining the tsunamigenic potential for large earthquakes along the Aleutian Islands, I begin with a review of the scientific literature, tabulating information on source moment, fault rupture area, and average fault displacement for all earthquakes with instrumental data since 1900 with magnitude 7.8 and greater. The fault slip beneath the sea floor relates most directly to tsunami generation. To judge the maximum tsunamigenic potential for Aleutian arc segments, I have used the two largest earthquakes of the last century to scale upward the average fault displacements and seismic moments observed for the Aleutians. The great 1964 Alaska earthquake (Mw 9.2) occurred east of the Aleutian arc along the same megathrust subduction zone. Wesson et al. (1999) ▲ Figure 1 . Five great earthquakes along the Aleutian-Alaska arc that produced tsunamis in Hawaii are indicated by star symbols plotted at their epicenters and labeled by year of occurrence. The 1946 and 1957 Aleutian earthquakes generated the largest tsunamis in Hawaii. Maximum tsunami amplitudes are directed perpendicular to the fault strike, and hence radial to the arc of the trench along the subduction zone, shown shaded in the bathymetry. The geometry of the Aleutian arc between the 1946 and 1957 earthquakes enhances tsunami risk to Hawaii from potentially large earthquakes in this region. The closest distance from Hawaii to the Aleutians is about 3,800 km. Black and white bars demarcate fault segments of the Aleutian-Alaska megathrust zone corresponding to Table 1 , following Sykes et al. (1981) . The segments refer to the corresponding largest earthquake, or by island group signifying a gap between ruptures of great earthquakes (EA for East Aleutian, S for Shumagin). The zone of the 1957 great earthquake is subdivided into western (1957) and eastern (E. Aleutian, EA) segments, reflecting areas of observed high and low seismic moment release, respectively. Small white circles show the location of Deep-ocean Assessment and Reporting of Tsunamis (DART) buoys. Inverted triangles show proposed locations for two additional DART buoys, which would provide for tsunami warning system resilience and robust corroboration of Aleutian tsunami observations 3 hours propagation time from Hawaii. Map credit: Google Earth.
Alaska event as an upper bound for megathrust earthquakes along the entire Aleutian arc. Nonetheless, the largest event in the circum-Pacific and globally, the great 1960 Chilean earthquake (Mw 9.5), serves as the benchmark for maximum credible earthquake in a megathrust setting. With the historic tsunami record as the minimum expectation, the upper bounds for tsunamigenic events in the Aleutians are explored.
REVIEW OF ALEUTIAN-ALASKAN ARC EARTHQUAKES
The Aleutian-Alaska megathrust subduction boundary between the Pacific and North American plates extends for over 3,400 km from the Alaska coast southeast of the Kenai Peninsula to the Near Islands east of Kamchatka (see for a discussion of the tectonic setting). Whereas subduction along the Alaska peninsula and eastward is beneath continental crust and to the west beneath oceanic crust, the maximum depths of the seismogenic (seismically coupled) zone at 37-41 km are relatively uniform across the boundary (Tichelaar and Ruff 1993) . The largest of the earthquakes along the arc (Figure 1 ) are tsunamigenic and are characterized by shallow epicentral depths, low-angle thrust-fault mechanisms, and slip directions subparallel with the motion of the Pacific plate with respect to North America. Convergence rates vary from ~6.2 cm/yr in southern Alaska to ~7.2 cm/yr in the central Aleutians (DeMets et al. 1994) , with the obliquity of convergence increasing westward along the arc. Table 1 summarizes the primary earthquake information for the Aleutian-Alaskan arc, including earthquake data, seismic moment release, magnitude Mw, fault area, and average displacement (see references in Table 1 notes). The 1960 great Chilean earthquake is also shown for comparison. Longperiod surface wave measures of seismic moment are usually larger than body wave measures, and are selected to represent the broader earthquake source characteristics. Seismic parameters are augmented with measurements from tsunami modeling studies. Nearly all of the events occurred prior to the establishment of the Global Seismographic Network (Butler et al. 2004) , and therefore the data are subject to significant instrumental limitations compared with recent studies.
The prior rupture zones of the great earthquakes and the gaps between them suggest a segmentation of the arc (Figure 1 ), which follows Sykes et al. (1981) with the additional subdivision of the 1957 earthquake zone at about 174°W into western and eastern sections. Within each of the segments, data from its significant earthquakes are collected, where significance is within 10% of the largest event in the respective segment. Cumulative seismic moment release and average fault displacements are determined since 1900. Note that this segmentation does not imply limits on future earthquake rupture propagation across these notional boundaries, but rather serves for organizational purposes. For example, Lay (2011) notes that the recent 2010 Mw 8.8 Chilean great megathrust earthquake ruptured across areas of prior large earthquakes that occurred in 1906, 1928, and 1985 . Furthermore, alternative segmentations have also been proposed for the Aleutians based upon stress orientation (Lu and Wyss 1996) . Therefore, the potential exists for a future great megathrust earthquake that ruptures across segments of the Aleutian arc.
The seismic moment, M o = µDS, is the product of rigidity, µ, average fault displacement, D, and area of fault rupture, S (Aki and Richards 2002) . The approximate fault length L and width W characterize the area. For seismically determined earthquake source parameters, the average displacement is calculated from the moment using values for the area and rigidity. For tsunami studies, the displacement on the fault surface is modeled directly, with the moment derived assuming the rigidity. Although values of rigidity used in the referenced studies range from 3 to 7 × 10 11 dyne/cm 2 , a nominal value of 4.4 is adopted for comparing displacement estimates in Table  1 , which corresponds to depths of 15 to 25 km in the PREM model used in modern seismic moment determinations. Using a smaller value of rigidity appropriate for shallower depths leads to larger estimates of displacement.
Tsunami amplitudes generated by seafloor deformation from a specific earthquake fault are directly proportional to displacement (Okada 1985) , and hence doubling the fault displacement doubles the tsunami height. This result is integral to methods such as NOAA's database of precomputed earthquake sources for rapidly forecasting tsunamis (Gica et al. 2008) . However, in comparing tsunami amplitudes from different earthquakes, many factors contribute to the amplitude observed at a site including the fault area and geometry, depth, distribution of slip on the fault, and fault orientation.
Methods for estimating the faulting area for events from the last century depend largely upon estimates of the firstday aftershock zone, surface wave directivity, and comparison of tsunami observations with tsunami models. The precision of aftershock locations may be ±30 km and worse for events prior to 1965. Modern methods for re-location of aftershocks can only be applied to the larger aftershocks. For earthquakes that have occurred since the establishment of the Global Seismographic Network and other modern digital networks, the seismic wavefield may be directly used to determine a 2D+time image of the rupture surface (e.g., Ammon et al. 2005 , Ishii et al. 2005 . However, for this study only the 2003 earthquake, which occurred in the rupture zone of the 1965 Aleutian event, possessed this modern analysis.
Although Table 1 focuses on average properties across the fault segments, nearly all of the events display significant earthquake source complexity and variation of displacement on the fault surface. These studies include: the 1964 event (Christensen and Beck 1994; Johnson et al. 1996) , the 1938 event (Estabrook et al. 1994; Johnson and Satake 1994) , the 1957 event , the 1986 event (Hwang and Kanamori 1986; Boyd and Nabelek 1988) , and the 1965 event (Wu and Kanamori 1973; Beck and Christensen 1991) . Derived moment release and displacements vary by a factor of two or more across the faults. The very slow rupture of the 1946 earthquake and limited instrumentation at the time preclude further resolution beyond average properties (López and Okal Johnson and Satake (1994) average slip from tsunami modeling, assuming 150 km width. If the assumed width were reduced, the average slip would need to be increased roughly inverse proportionally in order to conserve the displacement of water at the seafloor. † † Estabrook and Boyd (1992) moment from body waves and surface waves. ‡ ‡ Estabrook and Boyd (1992) estimate of length of Shumagin gap, the width of the seismogenic zone at ~100 km is a nominal value. The average displacement for the segment is computed for the moment release of both events, and as such is a gross average. § § López and Okal (2006) moment from surface waves. Length and width were determined from relocation of one-year aftershocks. This revised length for the 1946 fault rupture partially fills the "Unalaska gap" of House et al. (1981) . The fault length is stated as a conservative minimum, and the authors indicate that it could be 250 km; a width of 120 km was used in subsequent tsunami modeling (Okal and Hébert 2007) . Johnson and Satake (1997) use a fault width of 145 km to model tide gauge data, but find little slip contribution in the deepest 50 km section. Tanioka and Seno (2001) modeled the event with a 40-60 km width in the shallowest section.
‖‖
The 1957 earthquake zone is subdivided into eastern and western zones based upon observed moment release in . The total length of the 1957 aftershock zone was about 1,100 km (Boyd et al. 1995) to 1,200 km (Sykes 1971 ).
##
The east Aleutian segment of the 1957 earthquake aftershock zone shows very minor fault displacement east of 174°W in both the seismic and tsunami modeling of . The moment release is based on tsunami modeling of 3.3 m of slip on a 100 x 75 km subfault southwest of Umnak Island. The length of the segment ends in the east at the rupture zone of the 1946 earthquake. (Continued next page.) 2006). For the 1964 earthquake, joint inversion of geodetic and tsunami data for fault displacement indicates more than 18 m of average slip near the epicenter, over 10 m near Kodiak Island, nearly 5 m in the intervening gap, and less than 5 m west of Kodiak (Johnson et al. 1996) .
Beyond the western end of the rupture zone of the 1965 earthquake from 170.5°E to about 165°E the plate boundary becomes more complex. Since the strike of this section of the plate boundary is nearly parallel to the direction to Hawaii, tsunamis potentially generated here would have much smaller effects than from elsewhere along the arc. No great earthquakes are recognized in the historic records in this region, where very oblique convergence in the subduction zone at the east becomes plate-boundary parallel motion in the west . The GPS data may be interpreted to require extension in the western part of this region . Given both the tectonic dissimilarity with the megathrust environment to the east and the geometry for tsunamigenesis with respect to Hawaii, no comparison is made for this segment with other earthquake segments along the arc.
Historical studies of earthquakes and tsunamis provide valuable insights prior to the early 1900s. Sykes et al. (1981) note seven earthquakes between 1897 and 1907 of magnitude 7.4 and 7.5 within the 1965 and 1957 rupture segments, but the apparent absence of large tsunamis suggests that the events were not as large as the great 1957 and 1965 events, and there is no earlier historical record in this region. Also, Abe and Noguchi (1983) note that reported Ms magnitudes determined from Milne seismograph records prior to 1907 are overestimated by about 0.5 units, meaning the actual magnitudes are smaller. Large earthquakes are reported in the vicinity of the 1938 segment in 1903, 1847, and 1788, but only the 1788 event is associated with a large tsunami Hatori 2005) . A review of tsunami data from great earthquakes back to 1837 shows no events in the Aleutians that produced teletsunamis prior to 1929 (Abe 1979) , which indirectly suggests no great earthquakes in the Aleutians in the same time period. Although caution must be taken when reviewing the historical record, the absence of large tsunamis associated with earthquakes in the Aleutians indicates there is not a demon- Ekström and Engdahl (1989) show the down-dip edge of the seismogenic zone near Adak Island west of the east Aleutian segment as 125 km from the trench. For estimating the potential width of fault rupture for a possible great earthquake on the east Aleutian segment, an estimate of 125 km is reasonable. † † † Four prior events in the segment near Fox Islands from ISC database, none of which produced tsunamis recorded in Hawaii (Pararas-Carayannis 1969). Cumulative moment is determined by summing individual moments derived from Mo/ Ms relationship (Hanks and Kanamori 1979) . The 1929 Mw 7.8 earthquake is not shown, which had a normal-faulting mechanism attributable to rupture on the outer rise of the trench within the Pacific plate (Kanamori 1972) . The June 2011 Mw 7.2 earthquake had a steeply dipping, normal fault mechanism within the subducting Pacific plate (USGS NEIC) at 63 km depth, and below the tsunamigenic zone. ‡ ‡ ‡ Seismic and tsunami modeling of indicates that nearly all of the moment release and fault slip occurred in the westernmost 500 km of the 1957 aftershock zone. § § § Moment of the 1986 event was measured from surface waves (Hwang and Kanamori 1986) . The CMT solution for the 1996 event is used. The epicenter of the 1986 event was nearly coincident with the 1957 earthquake, and its 230 x 80 km rupture zone occurred within the area of the 1957 event (Boyd and Nabelek 1988) .
‖‖‖
Based upon tsunami modeling the average slip on the 1957 fault surface was 3.7 m assuming a fault width of 150 km . Reducing the width to 90 km, the average slip would need to be increased roughly inverse proportionally in order to conserve the displacement of water at the seafloor. For the narrower 90 km fault, the approximate slip scales to about 6 m. For the 1986 and 1996 earthquakes, the seismic moments yield segment average displacements of 1.1 and 0.7 m, respectively. The total segment average fault displacement from all three events is about 7.8 m. ### Moment of the 1965 earthquake determined by surface waves (Wu and Kanamori 1973) Kanamori and Cipar (1974) . A recent assessment suggests the event may have had a substantial strike-slip component (Kanamori, personal communication, 2011) . ‡ ‡ ‡ ‡ Cifuentes (1989) . § § § § Henry and Das (2001) . strable history of large moment release from 1837 through 1929. Therefore, Table 1 contains all of the substantial moment release observed along the Aleutian-Alaska megathrust subduction zone boundary since 1900, and probably since 1837.
Whereas a reasonable analysis of the studies of the earthquakes along the Aleutian-Alaska arc has yielded estimates of seismic moment and average fault displacement, inherent uncertainties remain. Calibrations of older sensors are uncertain and data sets are sparse. It is probable that the moments derived are uncertain to at least a factor of 1.5 or more. The smaller fault width is more affected by aftershock location uncertainty than the length. For example, a 30 km uncertainty in an estimated width of 100 km is about a factor of 1.3. Furthermore, there is additional uncertainty in the relationship between first-day aftershock area and actual fault rupture area, which cannot be quantified for these older earthquakes. Simple rigidity estimates are for average structures and do not account for depth variation and complexity in the fault zone. Even a reasonable variation of 3 to 5 × 10 11 dyne/cm 2 is about a factor of 1.3 with respect to the mean. Taking all these factors together, the uncertainty in average displacement may be a factor of 2.5 or more. Inasmuch as these three factors are independent, it is probable that the uncertainty is smaller, but there may be difficult-to-determine systematic effects. Recognizing these inherent uncertainties, the data in Table 1 may be used to scale Aleutian earthquakes to larger potential events.
GPS INFORMATION
Using 15 years of GPS data along the Aleutian-Alaskan arc, Freymueller et al. (2008) have inferred locked and creeping regions along the megathrust boundary. GPS data west of the Alaska Peninsula along the Aleutian Island arc are relatively sparse. The 95% confidence intervals of the fault coupling coefficients where aseismic creep is inferred show large uncertainty . The region of the 1964 earthquake is locked, except for inferred creep just east of Kodiak Island where apparent fault slip was smaller during the earthquake. The region of the 1938 event is locked. Based upon geodetic and GPS data, creep is inferred in the Shumagin gap with a possible locked zone only at shallow depths. Creep is now inferred in the region of the 1946 earthquake. Data near Umnak Island indicate a locked zone in the east Aleutian segment, with creep inferred adjacent to the 1946 zone. For the western segment of the 1957 event, GPS data near Kanaga and Adak islands indicate locked zones, but with fault creep inferred near Atka Island to the east. Hence, the GPS data suggest fault creep at the eastern area of high moment release for both the 1957 and 1986 events. For the 1965 segment GPS data suggest that the central section of the 1965 rupture near Attu Island is locked.
Inasmuch as the time frame of GPS monitoring is less than one-seventh of the duration of the seismic instrumental record and that this same seismic record is too short to view a full great earthquake cycle, it is important to improve GPS monitoring along the island arc to better resolve details of the subduction process in space and time. Nevertheless, the GPS data cannot resolve how much existing strain may have accumulated in sections along the arc prior to instrumentation. Furthermore, the inference of aseismic creep does not necessarily mitigate the possibility of substantial seismic slip on the fault. For example, Lay (2011) notes that for the recent 2010 Mw 8.8 Chilean megathrust earthquake, the largest slip (up to 20 m) was surprisingly observed to overlap a region of previously partial (50-75%) locking of the fault inferred from GPS data. In the context of this assessment of a maximum tsunamigenic potential along the Aleutian arc, current GPS observations inferring aseismic creep along portions of the Aleutian arc do not eliminate the tsunami risk.
DISCUSSION
During the last century the Aleutian-Alaska arc has experienced many great earthquakes. I have reviewed all of the analyses of these events and have derived cumulative apparent fault displacements for segments of the arc. Figure 2 plots these averages for the Aleutian-Alaska arc and for the great 1960 Chilean earthquake.
For the largest earthquakes-in 1946, 1957, 1965, and 1964 -although the observed seismic moment release has varied by a factor of 9, the apparent displacements for the fault segments differ by a factor of about 1.5. Hence the great 1964 Alaskan earthquake is already representative of fault displacements for the Aleutian arc. Therefore, the arc segments that have not experienced substantial slip reasonably may have potential average displacements in future events (or cumulative in a series of events) comparable to the 1964 Alaskan earthquake.
These average slip estimates may be compared with the convergence rate at the subduction zone of ~6.2 cm/yr for southern Alaska and ~7.2 cm/yr for the central Aleutians (DeMets et al. 1994 ). Abe's (1979) study shows no great tsu- ▲ Figure 2 . The average displacements in meters are plotted for the fault segments in Table 1 and correspond to cumulative average displacement since 1900. The rightmost bar in gray is for the 1960 Chilean earthquake, whereas the black bars are for the Aleutian-Alaskan fault segments in Figure 1. namigenic earthquakes in the Aleutians in 1837-1900 prior to instrumental seismic records. For the central Aleutians, the convergence since 1837 is about 12 m. In the vicinity of the 1938 event an earthquake in 1788 caused a local tsunami comparable to the 1964 event (Hatori 2005) . For southern Alaska the convergence since 1788 is about 14 m. Both of these convergence estimates are comparable to the average displacement of the 1964 Alaska earthquake.
Within the fault zone of the 1964 Alaskan earthquake, displacements of over 20 m were modeled over 200 km extents (Johnson et al. 1996) . For the 2011 great Tohoku earthquake, models of the rupture (e.g., Simons et al. 2011 ; Group on Earth Observations Tohoku-oki supersite, http://supersites. earthobservations.org/sendai.php) indicate fault displacements of 30-55 m over an extent of ~100 km within the broader fault zone. As indicated in Table 1 and Figure 2 , the average fault displacement for the great 1960 Chilean earthquake is estimated at about 35 m. This displacement is equivalent to about 500 years of convergence at the Aleutian plate boundary. Viewing the tsunamigenic potential over a thousand-year interval is warranted by the example of the Tohoku earthquake and tsunami. Whereas substantial seismicity and tsunamis had occurred along that ~9 cm/yr convergent plate boundary in recent history, the previous extraordinary tsunami in the Sendai plain occurred more than a thousand years before in A.D. 869 (Minoura et al. 2001) . For scaling earthquakes in the Aleutians to a maximum credible tsunamigenic earthquake along a megathrust zone without a recorded history, using fault displacements comparable to the 1960 Chilean earthquake is a reasonable benchmark.
The three arc segments with low average displacements in Table 1 and Figure 2 are candidates for future great earthquakes. The east Aleutian segment is of greatest concern, lying between the largest tsunamigenic earthquakes to have affected Hawaii. This segment is 700 km long, greater than the primary rupture zones of the 1946 and 1957 earthquakes. Scaling the size of an east Aleutian earthquake rupturing the entire segment with average displacements comparable to 1964 Alaska and 1960 Chile yields an event in the range of Mw 9.0 to 9.3, respectively, assuming the 90 km width of the aftershock zone of the 1957 earthquake as the fault width. However, if faulting were to extend over the ~125 km width from the trench to the down-dip edge of the seismogenic zone (see Table 1 notes), then the event size would increase by about 0.1 Mw units.
Careful modeling is required to judge the tsunami effects in Hawaii from such a great earthquake occurring on the east Aleutian segment in Figure 1 . Nonetheless, estimates can be made based upon Abe's (1979) empirical scaling, Mw ~ M t ~ log(H), where M t is "tsunami magnitude" and H is tsunami height. Since both the 1946 and 1957 events that bound the east Aleutian segment were Mw 8.6 earthquakes, for an east Aleutian earthquake 0.4 to 0.8 Mw units larger, the potential tsunami would scale approximately 2.5 to 6 times the comparison size of the 1946 and 1957 tsunamis.
In order to make an estimate of the tsunami run-up in Hawaii from a great earthquake along the east Aleutian segment, I used the SIFT (short-term inundation forecast for tsunamis) computer code of the National Oceanic and Atmospheric Administration (NOAA; Gica et al. 2008) , which makes tsunami propagation forecasts utilizing a database of precomputed faults (100 km long, 50 km wide) along the subduction zone scaled to match the earthquake source. For the east Aleutian section, 12 fault segments (six along strike and two wide with a nominal epicenter near the trench at 51.6°N and 169.3°W: segments ac18-23ab) were selected for a 600-km-long by 100-km-wide fault with a displacement of 35 m to model a Mw 9.25 earthquake. Complete inundation forecasts were computed using the stand-by inundation models (SIMs) for Hawaii's harbors, where historical run-ups had been measured for the 1946 earthquake: Haleiwa, Hilo, Kahului, Nawiliwili, Kawaihae, Honolulu, and Pearl Harbor (National Geophysical Data Center database). These SIM forecasts show maximum inundations for the Mw 9.25 east Aleutian event, ranging from 3 m (Pearl) to 31 m (Haleiwa), that are a factor of 2 to 10 times the maximum inundations observed at the seven harbors during the 1946 tsunami. These SIM forecasts for a great east Aleutian earthquake exceed current Hawaii tsunami inundation map evacuation boundaries.
For the 1938 event segment, although it is recognized as a prior great earthquake (M > 8) location, the relative paucity of seismic moment release and slip compared with other great earthquakes along the arc has not received substantial attention in the literature. For the 1938 earthquake segment, scaling displacements to the 1964 and 1960 events yields events in the range Mw 8.9 to 9.2. The amplitude of the tsunami in Hawaii from the Mw 8.3 event in 1938 was only 0.2 m. Here, the geometry of the fault zone partially mitigated the tsunamigenic effects on Hawaii. Using Abe's (1979) scaling relation, the estimate of the tsunami size would increase by a factor of 4 to 8, perhaps less than 2 m. Tsunami scaling proportionate to displacement (Okada 1985) would be larger, but the criteria of identical fault geometry and slip distributions are very unlikely.
The Shumagin segment, recognized as a "seismic gap" since Sykes et al. (1981) , is smaller than the east Aleutian and 1938 segments, with a corresponding potential earthquake in the range Mw 8.7 to 9.0 when scaled to the 1964 and 1960 events. However, given that GPS estimates of fault coupling indicate 30% ± 12% partial locking at the Shumagin Islands , the earthquake potential may be considered reduced, but there is no way to estimate this quantitatively. However, inasmuch as the Shumagin segment abuts the area of the great 1946 tsunami, due consideration must be given to its tsunamigenic potential, even though the adjacent 1938 segment produced a relatively small tsunami in Hawaii. Careful tsunami modeling is necessary to account for the transitional geometry of the Shumagin segment relative to tsunamigenesis for Hawaii.
Average fault displacements for the arc segments corresponding to the 1946, 1957, and 1965 events, which range from 7.8 to 8.9 m, are already about 70% of the average displacement for the 1964 Alaska earthquake. Scaling them to the 1964 event simply reiterates that an event comparable to the prior event could again occur in each arc segment. However, using the aver-age fault displacement of 36 m for the 1960 Chilean event as the benchmark, the additional displacement needed to achieve this benchmark is used for estimating the maximum tsunamigenic potential for the segments. The scaled seismic moment release takes into account the prior displacement observed on each segment and represents the size of an earthquake needed to bring the cumulative displacement to 36 m. For the 1965 For the , 1957 For the , and 1946 segments of the Aleutian arc, the potential seismic moment releases are Mw 9.2, 9.1, and 8.9, respectively.
The 1965 earthquake generated a 0.4 m amplitude tsunami in Hawaii. Using Abe's (1979) scaling, the increase in Mw from 8.7 to 9.2 suggests a factor of 3 increase in a tsunami observed in Hawaii, ~1.2 m. Here, both the obliquity of plate convergence and the geometry of the subduction zone with respect to Hawaii play a significant role in mitigating tsunami effects from this larger event. However, for the 1946 and 1957 earthquakes that generated large tsunamis in Hawaii on the northern coasts of the Hawaiian Islands with average run-ups of about 8 m and 5 m, respectively, the increase in Mw for the maximum potential events is significant. For the 1946 event the Mw increase from 8.6 to 8.9 suggests a factor of 2 increase in tsunami amplitude, ~16 m. For the 1957 event the Mw increase from 8.6 to 9.1 suggests a factor of 3 increase in tsunami amplitude, ~15 m. Careful tsunami modeling of these maximum earthquakes is warranted for understanding these maximum potential tsunami events from the Aleutians.
Furthermore, since a great earthquake can rupture into and across other recent earthquake rupture zones, as noted for the 2010 Mw 8.8 Chilean earthquake (e.g., Lay 2011), even larger events are possible. A great earthquake occurring over the east Aleutian segment could conceivably rupture into the areas of the 1946 and 1957 earthquakes. Similarly, a great earthquake in the Shumagin gap could potentially rupture into the 1946 and 1938 fault zones. Johnson and Satake (1997) noted the fact that the 1946 earthquake ruptured only the shallow portion of the seismogenic zone and suggested a great earthquake could result in a rupture with adjacent segments. The largest event that includes all of the segments-1957, east Aleutian, 1946, and Shumagin-that have the greatest tsunamigenic potential for Hawaii is a ~1,600 km long, Mw 9.5+ earthquake. Although such events are speculative, they serve to highlight the seismogenic potential of the Aleutians for plausible values of fault displacements and enhance prior estimates of the maximum earthquake in the Aleutians based only upon the 1964 Alaska earthquake (Wesson et al. 1999) .
My study suggests that Mw 9+ earthquakes are credible in the Aleutians with tsunamis generated with primary amplitudes directed at Hawaii. Further tsunami modeling of potential Aleutian earthquakes is necessary to estimate potential inundation effects in Hawaii. Without a better historical record, information regarding prior megathrust Aleutian earthquakes remains sparse and speculative. Improved GPS and seismic data for all of the Aleutian Islands would help constrain the current state of the subduction boundary. Renewed efforts to reconstruct the paleoseismic history of the Aleutians would help to illuminate prior events and their characteristics. Finally, with less than five hours' warning in Hawaii from tsunamis generated in the Aleutians, it is essential that seismic and tsunami warning instrumentation in and around the Aleutians be maintained at a very high level of readiness. Additional tsunami sensors deployed between the Aleutians and Hawaii (see Figure 1 ) would substantially improve coverage, corroborate near-field data, and provide for better warning system resilience from temporary loss of critical sensor data.
SUMMARY
I have focused on estimating the largest tsunamigenic earthquakes in the Aleutian Islands that may affect Hawaii. I reviewed the seismological and tsunami literature on the great earthquakes along the Aleutian-Alaska arc for events since the dawn of instrumental seismology and for historical studies prior to 1900 and summarized the earthquake source mechanisms, fault rupture zones, and seismic moment release characterizing the earthquakes for the principal fault segments demarcating the arc. Average cumulative fault displacements were derived for the segments assuming a common rigidity and then compared with average displacements observed for the two largest megathrust earthquakes recorded, the 1964 Alaska and 1960 Chile earthquakes. Scaling average fault displacement on each segment to the levels observed for the 1964 Alaska and 1960 Chile earthquakes provides a measure of the largest credible earthquakes along the Aleutians. Several segments of the Aleutian arc have the potential for magnitude Mw 9 events.
In the region between the ruptures of the 1946 and 1957 great tsunamigenic earthquakes in the Aleutians, there is a ~700 km extent in the east Aleutian Islands without significant fault displacement in more than a century, which has the potential for an Mw 9.0-9.4 earthquake with a concomitant large tsunami. A tsunami forecast model for an Mw 9.25 earthquake in this region shows inundations in Hawaii exceeding historic run-ups. Given the proximity of this potential earthquake to the largest tsunamigenic sources that have impacted the Hawaiian Islands, further tsunami modeling and review are warranted for this event, as well as for other potential Mw 9 earthquakes in the Aleutians. To augment models of the historical earthquake data from the Aleutians, tsunami inundations maps in Hawaii and elsewhere should consider these potentially larger tsunamigenic events. This potential for large tsunamigenic events affecting the Hawaiian Islands with less than five hours' warning underscores the necessity for a robust tsunami warning system and the need for additional tsunami sensors between the Aleutians and Hawaii (see Figure 1) .
ACKNOWLEDGMENTS
I thank Kwok Fai Cheung, Hiroo Kanamori, Brian Taylor, Dailin Wang, Gerard Fryer, and Fred Duennebier for discussions of historic earthquakes and tsunamis in Hawaii, and the Pacific Tsunami Warning Center for using the SIFT/SIM tsunami modeling codes, developed by the Pacific Marine Environmental Laboratory.
